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Abstract: The aim of this study was to compare the activity of antioxidant enzymes superoxide dismutase (SOD), catalase (CAT), and
total and selenium-dependent glutathione peroxidase (total GSH-Px and Se-GSH-Px) in the liver of wild boars (Sus scrofa) selected from
a selenium-deficient area with respect to season of the year, sex, and age. Only season had a significant effect on liver Se content. Liver
selenium concentration in the wild boars was highest in spring (0.292 µg/g wet weight) and lowest in winter (0.185 µg/g wet weight)
(P < 0.05). The highest mean activity of total GSH-Px, Se-GSH-Px, and CAT (404.0, 309.9, and 1170.0 U/mg protein, respectively) was
found in the spring season, and the respective highest mean activity of SOD was found during autumn (31.5 U/mg protein). Females
showed markedly higher mean activities of total GSH-Px (388.2 and 314.7 U/mg protein) and CAT (1151.0 and 765.8 U/mg protein)
compared to males. In comparison to other groups of animals, those aged between 1 and 1.5 years were characterized by higher mean
activity of total GSH-Px and Se-GSH-Px, and those over 2 years of age showed higher activity of CAT and SOD. The analysis showed
that the strongest oxidative stress and the greatest risk of peroxidative damage to the liver occurred during the winter.
Key words: Liver, wild boar, selenium, antioxidant enzymes, seasons of the year

1. Introduction
The liver is particularly susceptible to the deleterious effects
of reactive oxygen species (ROS) and their derivatives,
because of its role in many aspects of bodily function.
Normal liver function is one of the major requirements
for the organism’s adaptation to the changing conditions
of the external environment and for the maintenance of
homeostasis (Van den Berghe, 1991). The crucial role
of the liver in energy homeostasis, biotransformation of
numerous endogenous molecules, and xenobiotics is
determined by intense aerobic metabolism. The result
is a great abundance and variety of ROS-generating
systems (Limón-Pacheco and Gonsebatt, 2009). The
main source of ROS in liver tissues is the mitochondrial
respiratory chain. The initial substrate for the production
of all endogenous ROS, including free radicals and their
derivatives, is the superoxide radical anion (•O2-). Hence,
* Correspondence: rdrozd@zut.edu.pl

superoxide dismutase (SOD, EC 1.5.1.1) is the primary
enzyme that protects cells against the effects of free
radicals. This enzyme catalyzes the dismutation of the
superoxide radical anion to hydrogen peroxide (H2O2).
While not being a free radical, this molecule is the main
source of hydroxyl radical (•OH), which is highly reactive
and toxic to cellular macromolecules (Limón-Pacheco
and Gonsebatt, 2009). Hydrogen peroxide is reduced to
water and molecular oxygen due to glutathione peroxidase
(GSH-Px, EC 1.11.1.9) and/or catalase (CAT, EC 1.11.1.6)
(Lykkesfeldt and Svendsen, 2007). GSH-Px has a greater
affinity for H2O2 than does CAT, eliminating H2O2 at its
already low concentrations in the cell in contrast to CAT,
which acts when H2O2 concentrations are high (Simmons
and Jamall, 1988). Glutathione peroxidases are glutathionedependent enzymes. Both selenium-dependent (Se-GSHPx, EC 1.11.1.9) and nonselenium-dependent (non-Se-
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GSH-Px, EC 1.11.1.7) glutathione peroxidases are present
in mammals (Davies, 2000). The former reduces both
hydrogen peroxide and organic peroxides, while the latter
only reduces organic peroxides, including lipid peroxides.
It should be noted, however, that Se-GSH-Px is more
effective in eliminating organic hydroperoxides compared
to non-Se-GSH-Px due to the lower KM value for these
substrates (Kim and Mahan, 2003). In most animal cells,
mitochondria lack CAT, which in effect makes Se-GSH-Px
the only enzyme that eliminates hydrogen peroxide from
these organelles (Antunes et al., 2002). The activity of
this enzyme is determined by the presence in its catalytic
center of reduced selenium found in selenocysteine. The
liver is the main organ responsible for the homeostasis of
selenium in the body. Selenium is stored in hepatocytes,
which synthesize and distribute not only Se-GSH-Px but
also other enzymatic selenoproteins (Gromer et al., 2005;
Papp et al., 2007).
Issues concerning oxidative stress in wild animals,
changes in the activity of the enzymes of the antioxidant triad
related to succession of the seasons and thus reproductive
seasonality, changes in physical environmental conditions,
and access to food and its quality have received little
attention. Therefore, this study was designed to compare
the activity of antioxidant enzymes (SOD, CAT, total
GSH-Px, and Se-GSH-Px) in the liver of wild boars from
a selenium-deficient area depending on season of the year,
sex, and age.
2. Materials and methods
2.1. Materials
The materials used in this study consisted of livers harvested
from 34 wild boars (Sus scrofa) that were shot by hunters
during the hunting season of 2008–2009 in compliance
with hunting regulations in northwestern Poland. The
material was stored at –80 °C until chemical analysis was
performed. The wild boars examined were aged between
0.5 and 4 years. Differences between male and female boars
were determined in animals older than 1 year (16 males
and 13 females). Age and sex were determined after the
animals were shot. The age of the animals was estimated
using fur characteristics (Lochman, 1987).
2.2 Methods
2.2.1. Determination of selenium concentration
Selenium concentrations were determined using the
spectrofluorimetric method (Pilarczyk et al., 2010).
Samples (0.5–1.5 g) were digested in HNO3 at 230 °C for
180 min and in HClO4 at 310 °C for 20 min. They were
then hydrolyzed with 9% HCl. Selenium was derivatized
with 2,3-diaminonaphthalene (Sigma-Aldrich) under
conditions of controlled pH (pH 1–2) with the formation
of selenodiazole complex. This complex was extracted into
cyclohexane. EDTA and hydroxylamine hydrochloride
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were used as masking agents. Se concentration was
determined fluorometrically using a Shimadzu RF-5001
PC spectrofluorophotometer. The excitation wavelength
was 376 nm and the fluorescence emission wavelength was
518 nm.
All chemicals used were of analytical reagent grade.
The accuracy of the method was verified using certified
reference material BCR-185R (bovine liver) (European
Commission Joint Research Centre, Institute for Reference
Materials and Measurements). A reference sample was
analyzed in triplicate. The mean Se concentration was 94.8
± 3.1% of the reference values. The detection limit was 0.003
µg/g wet weight (ww).
2.2.2. Antioxidant enzymes assay
2.2.2.1. Sample preparation
Samples of liver tissue were homogenized in a glass
homogenizer on ice in 10 volumes of 50 mM Tris-Cl buffer
(pH 8.1), 1 mM PMSF, and 2 mM EDTA. Homogenates
were centrifuged for 15 min at 15,000 rpm at 4 °C.
Supernatants were collected and stored until analysis at
–80 °C. Total protein was assayed by Bradford method
with bovine serum albumin as a standard (Bradford 1976).
2.2.2.2. Total and selenium-dependent GSH-Px assay
GSH-Px activity was assayed according to Pagila and
Valentine (1967) using a RANSEL kit (Randox Laboratories
Ltd). Cumene hydroperoxide was used to determine the
activity of total GSH-Px as substrate. Se-GSH-Px was
assayed using hydrogen peroxide as a substrate at a final
concentration of 0.25 mM in the presence of 1 mM sodium
azide for CAT inhibition. Activity was defined as amount
of total GSH-Px or Se-GSH-Px that oxidized 1 nmol of
NADPH per minute per milligram of extracted protein at
37 °C and pH 7.2.
2.2.2.3. SOD activity
SOD activity was determined by its ability to inhibit the
autoxidation of pyrogallol using the method of Marklund
and Marklund (1974) modified to microplate assay. To
270 µL of buffer (50 mM Tris-Cl, pH 8.2; 1 mM EDTA)
was added 9 µL of 10 µM bovine erythrocyte CAT
solution in 50 mM Tris-Cl (pH 8.2) and 9 µL of 24 mM
pyrogallol solution (in 10 mM HCl). Subsequently, 6
µL of appropriately diluted sample was added to the
reaction mixture. Increases in absorbance at 420 nm were
monitored (Tecan, Infinite m200 PRO) after 2 min at 15-s
intervals after a 30-s lag phase at 30 °C.
One unit of SOD decreased the autoxidation of pyrogallol
to 50% at pH 8.5 at 30 °C.
2.2.2.4. CAT activity
CAT activity was determined according to Li and
Schellhorn (2007). Ten microliters of sample diluted
in assay buffer (50 mM phosphate buffer, pH 7.0) was
added to 300 µL of 5 mM hydrogen peroxide solution in
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assay buffer and brought to 30 °C on a flat-bottomed 96well UV-transparent microtiter plate (Greiner Bio-One,
GmbH). Immediately after adding the sample, decreases
in absorbance at 240 nm were monitored for 2 min at
intervals of 15 s (Tecan, Infinite m200 PRO). One unit
of CAT split 1 µmol of hydrogen peroxide to oxygen and
water per minute at pH 7.0 at 30 °C.
2.2.3. Statistical data analysis
Statistical calculations were performed using Statistica
PL 7.1. All data are expressed as an arithmetic mean
± SEM and also as geometric mean and median. The
concentrations of Se were log-transformed to attain or
approach a normal distribution of the data. The effect
of sex, season, and age on activity of total GSH-Px, SeGSH-Px, CAT, SOD, and Se concentration in the liver of
wild boars was analyzed using generalized linear models.
Differences were considered as significant at the levels of P
< 0.05, P < 0.01, and P < 0.001. Relationships between total
GSH-Px, Se-GSH-Px, CAT, and SOD activity and the Se
concentrations in the liver were evaluated by calculating
the coefficients of correlation. Pearson’s correlation
coefficient (rx,y) was calculated for each sex, season, and
weight class separately and together for all data. Statistical
significance of the coefficients of correlation was tested at
the levels of P < 0.05 and P < 0.01.
3. Results
The highest mean concentration of selenium in the liver of
wild boars was found in the spring season (0.292 µg/g ww)
and it was significantly (P < 0.05) higher than in winter,
during which mean Se concentration was at its lowest
(0.185 µg/g ww) (Table 1). Mean selenium concentrations
in the liver of females (0.247 µg/g ww), males (0.247 µg/g
ww), and in wild boars representing different age groups
(0.223–0.252 µg/g ww) were at similar levels.
No statistically significant differences were observed
between the mean activities of antioxidant enzymes in
the liver of wild boars in different seasons, in males and
females, and in the age groups analyzed. The highest mean
activity of total GSH-Px, Se-GSH-Px, and CAT (404.0,
309.9, and 1170.0 U/mg protein, respectively) was noted
in the spring, and that of SOD in the autumn (31.5 U/mg
protein). Females, compared to males, were characterized
by a markedly higher mean activity of total GSH-Px (388.2
vs. 314.7 U/mg protein) and CAT (1151.0 vs. 765.8 U/mg
protein). Compared to the other groups, animals between
1 and 1.5 years of age were characterized by higher mean
activity of total GSH-Px and Se-GSH-Px, and wild boars
older than 2 years showed higher activity of CAT and SOD.
Analysis of the correlations between activity of
different enzymes and between enzyme activity and liver
selenium concentration in wild boars (Table 2) revealed
that, depending on the season, the activity of total GSH-Px

correlated highly significantly and positively with Se-GSHPx and CAT activity in summer (0.92 and 0.91; P < 0.001
and P < 0.01), autumn (0.86 and 0.85; P < 0.01), and winter
(0.82 and 0.84, respectively; P < 0.05 and P < 0.01). There
was also a significant (P < 0.001 and P < 0.01) and almost
completely positive correlation between Se-GSH-Px and
CAT activity in all seasons (coefficient of correlation:
>0.93). SOD activity was highly negatively correlated with
selenium concentration in the winter (–0.74; P < 0.05).
In both females and males, highly significant positive
correlations were found between the activities of total
GSH-Px and Se-GSH-Px (0.82 and 0.80; P < 0.001) and
total GSH-Px and CAT (0.80 and 0.77; P < 0.001), and
almost completely positive correlations were seen between
Se-GSH-Px and CAT activity (0.97 and 0.99; P < 0.001).
The analysis of correlations depending on wild boar
age revealed that the activity of total GSH-Px was highly
significantly and positively correlated with Se-GSH-Px
and CAT activity in the liver of wild boars aged from 1
to 1.5 years (0.83 and 0.82; P < 0.01), from 1.5 to 2 years
(0.91 and 0.92; P < 0.001), and over 2 years (0.91 and 0.90,
respectively; P < 0.01). A significant (P < 0.001) and almost
completely positive correlation was also noted between SeGSH-Px and CAT activity in all age groups (coefficient of
correlation: >0.94). The analysis of correlations between
the activities of total GSH-Px, Se-GSH-Px, CAT, and
SOD and between the activity of individual enzymes
and selenium concentration in the liver of all wild boars
analyzed together demonstrated significant correlations
between the activities of total GSH-Px and Se-GSH-Px
(0.80; P < 0.001), total GSH-Px and CAT (0.77; P < 0.01),
and Se-GSH-Px and CAT (0.98; P < 0.001).
4. Discussion
Selenium status in wild boars is strictly dependent on the
amount and bioavailability of this element from the soil to
plants. Wild boars are mainly herbivores. Around 90% of
their diet consists of plant food (acorns, beech nuts, nuts,
berries and other fruit, some grasses, and other plants)
and around 10% of animal food (various invertebrates,
earthworms, insects and their larvae, mollusks, small
rodents, and carrion) (Pinna, 2007).
Due to the lack of reference values for liver selenium
content in wild boars, the results of our research were
interpreted using recommendations for pigs. According
to Puls (1994), the biochemical criteria used to diagnose
Se deficiency in pig liver are as follows: less than 0.11
µg/g ww = deficiency; 0.12–0.39 µg/g ww = marginal
level; more than 0.40 µg/g ww = normal (optimal) level.
When comparing the determined Se concentrations
to the biochemical criteria of the body’s status of this
element, marginal levels of Se were found in the wild
boars throughout the year. This trace element had the
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404.0
344.1
349.4
325.5

388.2
314.7

291.5
458.8
316.4
312.5
353.6

13
16

5
10
10
9
34

242.5
384.5
230.8
264.7
280.1

301.5
257.8

382.8
277.2
247.0
252.4

92.38
76.26
86.50
66.35
40.53

62.46
50.16

54.89
73.40
99.03
86.72

Total GSH-Px (U/mg protein)
Mean
GM
SEM

7
9
10
8

N

167.4
365.5
226.9
283.5
273.9

275.3
272.4

309.9
270.9
288.4
227.6

118.3
294.7
171.2
238.9
207.8

195.6
222.3

240.6
200.4
219.3
177.9

69.45
54.86
56.93
56.92
30.68

48.74
37.02

59.66
59.38
68.56
59.94

Se-GSH-Px (U/mg protein)
Mean
GM
SEM

902.0
991.5
853.0
1112.8
969.7

1151.0
765.8

1170.0
782.7
990.6
978.8

492.9
701.9
464.9
724.9
595.4

830.1
409.6

627.8
464.5
610.7
727.8

335.22
197.69
229.74
255.86
117.83

157.48
167.47

298.75
213.29
235.68
229.64

CAT (U/mg protein)
Mean
GM
SEM

28.1
29.9
23.1
31.2
28.0

29.2
26.6

26.1
28.2
31.5
24.9

4.34
6.16
6.43
7.22
3.22

4.36
4.91

9.02
4.96
6.54
6.51

Ns
0.92***
0.86**
0.82*

0.82***
0.80***

Ns
0.83**
0.91***
0.91**
0.80***

13
16

5
10
10
9
34

Total GSH-Px
- Se-GSH-Px

7
9
10
8

N

ns
0.82**
0.92***
0.90**
0.77***

0.80***
0.77***

ns
0.91**
0.85**
0.84**

Total GSH-Px
- CAT

ns
ns
ns
ns
ns

ns
ns

ns
ns
ns
ns

Total GSH-Px
- SOD

***: P < 0.001; **: P < 0.01; *: P < 0.05, ns: nonsignificant coefficient of correlation.

Season
Spring
Summer
Autumn
Winter
Sex
Female
Male
Age (years)
>1
1–1.5
1.5–2
<2
Total

Factor

ns
ns
ns
ns
ns

ns
ns

ns
ns
ns
ns

Total GSH-Px
- Se

0.99***
0.99***
0.94***
0.99***
0.98***

0.97***
0.99***

0.99***
0.99***
0.99***
0.93**

Se-GSH-Px
- CAT

ns
ns
ns
ns
ns

ns
ns

ns
ns
ns
ns

Se-GSH-Px
- SOD

ns
ns
ns
ns
ns

ns
ns

ns
ns
ns
ns

Se-GSHPx - Se

Table 2. The correlation ratio for studied enzymatic antioxidants and Se concentration depending on animal age, weight, and yearly season.

27.0
25.4
12.8
20.0
19.7

21.1
18.2

13.4
23.5
20.8
21.0

SOD (U/mg protein)
Mean
GM
SEM

The same superscripted letters denote statistically significant differences at P < 0.05; GM: geometric mean, SEM: Standard error of the mean.

Season
Spring
Summer
Autumn
Winter
Sex
Female
Male
Age (years)
>1
1–1.5
1.5–2
<2
Total

Factor

ns
ns
ns
ns
ns

ns
ns

ns
ns
ns
ns

CAT SOD

0.242
0.252
0.223
0.245
0.240

0.234
0.247

0.292a
0.223
0.263
0.185a

ns
ns
ns
ns
ns

ns
ns

ns
ns
ns
ns

CAT - Se

0.210
0.229
0.210
0.241
0.223

0.213
0.236

0.278
0.203
0.255
0.174

Se (µg/g ww)
Mean
GM

ns
ns
ns
ns
ns

ns
ns

ns
ns
ns
–0.74*

SOD Se

0.063
0.029
0.024
0.015
0.014

0.022
0.018

0.035
0.029
0.019
0.023

SEM

Table 1. Mean values of activity for total glutathione peroxidase (GSH-Px), selenium dependent GSH-Px (Se-GSH-Px), catalase (CAT) and dismutase (SOD) and selenium
concentration in the liver of wild boar.
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lowest content during winter (0.187 µg/g ww) and a
markedly higher content sequentially in summer (0.223
µg/g ww), autumn (0.263 µg/g ww), and spring (0.292
µg/g ww). The area inhabited by the animals has long been
considered deficient in selenium (Pilarczyk et al., 2009),
which was reflected in the Se content of the liver. In an
earlier study, Pilarczyk et al. (2010) also demonstrated
marginal liver selenium levels in the wild boars living in
West Pomerania in different seasons. The authors found
Se deficiency in 31% of animals in the autumn, and in
20.9%, 15.2%, and 12.0% of animals in the summer, winter,
and spring, respectively. The differences in liver selenium
concentrations in the wild boars observed in the study
under discussion should be attributed to differences in
their food intake during different seasons and to different
contents and bioavailability of Se in the food. The content
of this trace element in plants depends on species, type
of soil, amount, and chemical form, as well as climatic
and vegetation conditions (Germ and Stibilj, 2007). The
absorption of selenium by plants increases with increasing
ambient temperature. Selenium uptake from Se-deficient
soils may be several times higher at >20 °C compared
to <14 °C (Lum et al., 2009). Se uptake also decreases
with increasing air humidity and rainfall. The actively
growing plant tissues generally contain larger amounts
of selenium, accumulating more of this trace element in
sprouts and leaves than in underground parts (Germ and
Stibilj, 2007). Valdez Barillas et al. (2012) reported that,
in spring, selenium is translocated from the roots to the
developing sprouts and leaves, where its content, mainly
in organic form, peaks in the middle of this season. Leaf
selenium concentration decreases gradually during the
summer and autumn, with increases in the percentage
content of the inorganic form in leaves and the entire
plant. Selenomethionine is the main selenium compound
in plants that do not accumulate this trace element (Kim
and Mahan, 2003; Germ and Stibilj, 2007). The greater
amounts of total selenium and predominantly organic
forms of Se in younger compared to older leaves are
more easily absorbed in the digestive tract compared to
inorganic selenites. Inorganic Se compounds are absorbed
in the small intestine by passive diffusion, while the
organic forms are absorbed by active amino acid transport
mechanisms (Wang et al., 2011). Both selenium forms
are available for biosynthesis of selenoproteins, but only
selenomethionine can be nonspecifically incorporated
into proteins in place of methionine (Met) because MettRNA does not discriminate between Met and Se-Met.
Selenomethionine that was not quickly metabolized after
absorption is incorporated into tissues characterized by
intensive protein biosynthesis, namely the liver, pancreas,
kidneys, skeletal muscles, and gastrointestinal tract
mucosa. Selenomethionine accumulation in the body of

humans and animals is greater (74%) than that of inorganic
selenium (32%–40%). Normally absorbed Se-Met passes
through the liver and pancreas several times before being
eliminated from the body; for this reason, tissue selenium
content is higher after selenomethionine accumulation
compared to selenite.
Considering the differences in the quantity and quality
of plant food consumed by wild boars in different seasons
of the year, the facts stated above sufficiently explain the
highest liver selenium concentration observed in the
investigated animals in spring, intermediate concentration
in summer and autumn, and the lowest in winter. The
content of both total selenium and that occurring in the
form of selenomethionine in the parts of plants consumed
by the wild boars during summer was definitely higher
than that in autumn. In the autumn, however, these animals
consume more food to store in the form of adipose tissue,
the energy reserves needed to maintain homeostasis and
survive the winter period, during which the amount of
available food is very limited. Although plant selenium
content is lower in the autumn (with older parts of plants
available, decreased temperature, increased humidity and
rainfall) compared to the summer, the level of this element
in the liver of wild boars during autumn was slightly
higher than in summer. This leads us to assume that due
to the consumption of much greater amounts of food, the
total supply of selenium in the wild boars was not less
in the autumn than in the summer, and even exceeded
it. Autumn is the reproductive period for these animals,
and selenium deficiency results in clear differences in
its tissue distribution. The brain, endocrine glands, and
reproductive organs have a higher priority for Se retention
compared not only to the heart, skeletal muscles, and
erythrocytes, but also to the liver (Lyons et al., 2007).
The present study showed that the sex of the animals
had no considerable effect on liver selenium concentration.
The lack of a relationship between selenium concentration
and sex was also found in wild boars by Pilarczyk et al.
(2010), as well as in red deer from northwestern Poland
(Pilarczyk et al., 2011) and in polar bears (Rush et al.,
2008), although such a correlation was reported in
Norwegian red deer (Vikøren et al., 2005) and in red foxes
and mongooses (Millán et al., 2008).
Neither did we find a significant relationship between
wild boar age and liver selenium concentration; the
concentration of this element in different age groups was
highly similar (0.223–0.252 µg/g ww). Such a correlation
was reported by Pilarczyk et al. (2010) in an earlier study
with wild boars from the same area. They found that
mean liver Se concentration increased significantly with
age, from 0.14 µg/g ww in wild boars less than 1 year of
age to 0.24 µg/g ww in animals older than 2 years. The
results of the relevant studies performed by other authors
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with different species of mammals are inconclusive. For
example, no relationship was found between liver selenium
levels and age in female elks aged 1–23 years (Stussy et al.,
2000), whereas the level of this trace element was found to
increase with age in Norwegian red deer (Vikøren et al.,
2005) and in Greenland polar bears (Dietz et al., 2000).
Under physiological conditions, liver selenium levels are
mainly determined by the dietary supply. Considering
the numerous biological functions of selenium, it seems
justified to assume that an increase in liver selenium
content with age is only possible in animals in which Se
supply during that time satisfies the body’s requirement.
This was proven by Matsumoto et al. (2009) in a study
with rats aged between 1 and 50 weeks. The increase with
age in liver selenium levels was only observed in animals
receiving the required amount of dietary selenium. In
deficient rats, Se concentration not only failed to increase,
but was often below detection level.
Statistical analysis showed no significant differences in
liver enzymatic activity for any of the analyzed enzymes of
the wild boars grouped according to season. Nevertheless,
several marked differences noted between some groups in
the mean activity of GSH-Px, CAT, and SOD are worth
discussing and interpreting. The highest activity of both
total GSH-Px and Se-GSH-Px (404.0 and 309.9 U/mg
protein) was found in the liver of wild boars in spring, and
the lowest (325.5 and 227.6 U/mg protein) during winter.
SOD activity was also at its lowest in the winter. Winter
is the season when animals living in the wild find it most
difficult to maintain systemic and cellular homeostasis,
because the ambient temperature is low and limited access
to food results in quantitative and qualitative malnutrition
(including considerable Se deficiency, as well as deficiency
of Mn, Zn, and Cu, which are cofactors of the active center
of Se-GSH-Px and SOD) (Bonda-Ostaszewska et al.,
2012). All these factors are strong stressors and can even
act separately; each one may increase the generation of
ROS and impair antioxidant defense mechanisms, leading
to oxidative stress of varying intensity.
The maintenance of normothermia during chronic
cold stress requires increased production of endogenous
heat through shivering and nonshivering thermogenesis
in amounts that balance its loss from the body. The main
factor responsible for heat production in nonshivering
thermogenesis is 3,5,3’-triiodothyronine (T3), and one
of the basic target organs for this thyroid hormone is the
liver (Saičić et al., 2006; Varela et al., 2006; Venditti et al.,
2010). T3 increases the rate of aerobic metabolic processes,
resulting in increased ROS generation, consumption of
low-molecular-weight cellular antioxidants, and reduced
expression and activity of antioxidant enzyme triad
(Kaushik and Kaur, 2003; Saičić et al., 2006; Venditti et
al., 2010). In all vertebrates, mitochondria are considered
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the main target for thyroid hormones as regards the
regulation of cellular respiration and energy metabolism
(Venditti et al., 2010). Chronic cold stress and the
associated constant stimulation of the hypothalamic–
pituitary–thyroid axis considerably increase oxygen
consumption by hepatocytes. More than 90% of this
oxygen is consumed by mitochondria (Viña et al., 2006).
Long-lasting elevations of thyroid hormone secretion
increase both the amount and the volume of individual
mitochondria in liver cells by increasing the content of
the components of the electron transport chain complex
(Venditti et al., 2010). However, there are 2 aspects to the
increased oxygen consumption by mitochondria. On the
one hand, it increases the production of ATP and of the
heat necessary for maintaining normothermia; on the
other hand, it is responsible for increasing the generation
of ROS. Around 2%–5% of O2 consumed by mammalian
mitochondria does not undergo the complete 4-electron
reduction to water and, as a result of electron leakage
from the respiratory chain, it forms ·O2- (Venditti et al.,
2010). In a dismutation reaction catalyzed by superoxide
dismutase, this free oxygen radical is reduced to H2O2,
which, in turn, is a substrate for Se-GSH-Px (there is no
CAT in mitochondria), which transforms it into water
and molecular oxygen (Lykkesfeldt and Svendsen, 2007;
Limón-Pacheco and Gonsebatt, 2009). A major role in
the whole system is played by selenium. Deficiency of
this trace element limits biosynthesis and thus the activity
of Se-GSH-Px (Kaur and Bansal, 2004; Wu et al., 2010;
Oštádalová, 2012), causing a quantitative decrease in
hydrogen peroxide reduction. This increases substrate
availability for the Fenton and Haber–Weiss reactions
that generate the most reactive and toxic hydroxyl radical
(·OH) for cellular macromolecules (Kaushik and Kaur,
2003). The excessive amounts of H2O2 and ·OH secondarily
inhibit the activity of superoxide dismutase, which
increases the accumulation of ·O2- (Venditti et al., 2010).
All the ROS mentioned above cause peroxidative damage
to proteins, nucleic acids, and liver cell lipids. Organic
peroxides are the products of this damage. Their need for
neutralization additionally exhausts the cellular reserves
of low-molecular-weight antioxidants (including reduced
glutathione and vitamins A, E, and C) and reduces the
activity of nonselenium-dependent GSH-Px. Because the
wild boars under study showed the lowest selenium liver
concentration during the winter, the lowest level of activity
of total GSH-Px, Se-GSH-Px, and SOD during the same
period was not surprising in the context of the sequence of
events described above.
Selenium deficiency during chronic cold stress not only
increases oxidative stress, but possibly also reduces the
efficiency of nonshivering thermogenesis in maintaining
normothermia. Selenium is a cofactor of thyroxine
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5’-deiodinase (EC 3.8.1.4), the enzyme responsible for
the conversion of the less active thyroxine (T4) into T3,
which is the main biologically active thyroid hormone.
The hepatic activity of this enzyme decreases considerably
when selenium concentration is reduced by just 20% (Van
Bakel et al., 2000; Khoshvaghti et al., 2012).
The factor that increases oxidative stress caused by
chronic cold during the winter is a prolonged negative
energy balance, a state in which the energy needed for
the normal bodily functions of wild animals is obtained
primarily from the oxidation of free fatty acids (FFAs)
mobilized from adipose tissue accumulated during
autumn. The mechanism of oxidative stress during
prolonged malnutrition is similar to that occurring under
chronic cold and essentially also involves increased ROS
generation and decreased antioxidant capacity of lowmolecular-weight cellular and enzymatic antioxidants
(Vázquez-Medina et al., 2010). The negative energy balance
causes a considerable increase in production of H2O2
in hepatocytes, the main source of which is β-oxidation
of FFAs in peroxisomes and the mitochondrial matrix.
Because cellular ATP content in undernourished animals
decreases, the process of oxidative phosphorylation
increases in mitochondria, as does their consumption
of oxygen and ROS generation. Similar to cold stress, all
of the above result in a decrease (especially in selenium
deficiency) in the expression and activity of antioxidant
enzymes. An important factor that enhances oxidative
stress in the liver of malnourished animals is the
considerable decrease in the content of reduced glutathione
(GSH). This is the consequence of its limited biosynthesis,
regeneration from the oxidized (GSSG) to the reduced
form (GSH), and increased consumption in conditions
of food deficiency and oxidative stress (Lu, 1999; Amutha
and Subramanian, 2012). The level of hepatic GSH is
heavily dependent on food supply. As reported by Lu
(1999), even a 2-day considerable food restriction reduces
the GSH content of rat liver to 33%–50% of its normal
level. The low concentration of GSH decreases the activity

of both selenium-dependent and nonselenium-dependent
GSH-Px, leading to the accumulation in the hepatocytes of
superoxide anion radical, hydrogen peroxide, and hydroxyl
radical and organic peroxides, in particular lipid peroxides
and their derivatives (Amutha and Subramanian, 2012).
The evidence outlined above leads us to suggest that
considerable selenium deficiency can already be regarded
as a primary source of oxidative stress in liver tissue (and
other tissues). Together with chronic cold stress and
malnutrition during winter, this may produce a specific
“vicious circle” and, with time, a gradual accretion of
oxidative stress and peroxidative damage to cellular
macromolecules (Figure).
In the present study, the liver of female wild boars
showed a markedly greater mean activity of total GSH-Px
(388.2 vs. 314.7 U/mg protein) and CAT (1115.0 vs. 765.8
U/mg protein) compared to males, but the differences
were not significant. The mean activity of SOD in females
only slightly exceeded that of males, while the activity of
Se-GSH-Px was very similar in both sexes. No significant
differences were reported in the hepatic activity of GSH-Px
in male and female pigs by Balagh et al. (2012), nor in red
deer by Pilarczyk et al. (2011). Significantly higher CAT
and Mn-SOD activity was observed by Carrillo et al. in the
liver of female mice (1992), and considerably higher GSHPx and CAT activity was reported by Wu et al. (2003).
A study of rats by Valle et al. (2007) showed that
hepatocyte mitochondria generate 40%–50% more
hydrogen peroxide in males compared to females; in
females, these organelles show a greater expression of the
genes coding for antioxidant enzymes. The mitochondrial
activity of GSH-Px and Mn-SOD is 50%–60% higher in
female than in male rats (Viña et al., 2006). This effect
is attributed to the influence of estrogenic hormones, in
particular 17β-estradiol. Because the promoter region of
the SOD and GSH-Px genes does not contain estrogenresponsive elements, estradiol acts on the expression of
the genes coding for these enzymes indirectly through
the intracellular signaling cascade with the contribution

Increasing concentration of ROS
(oxidative stress)

Deficiency of Se,
cold stress,
malnutrition
Oxidative damage
of biomolecules
and cellular organelles

Decreasing expression
and activity
of SOD, GSH-Px, and CAT

Figure. The potential mechanism of a “vicious circle” leading to rise in winter oxidative
stress in hepatocytes.
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of mitogen-activated protein kinase. This kinase activates
nuclear factor kappa B, which increases the transcription
of both SOD and GSH-Px genes because their promoters
contain motifs that bind them (Viña et al., 2006). It can
be concluded from the results of the present study that
the higher activity of GSH-Px in female compared to
male wild boars is the result of the greater activity of the
nonselenium-dependent form of this enzyme. Se-GSHPx activity was almost identical in both sexes, which is
likely explained by their similar liver selenium levels. In
Poland, the female wild boar hunting season runs from 15
August to 15 January, which is also the period of initial and
full ovarian activity. The estrogen secreted by the ovaries
probably increases the expression of the genes of both
selenium-dependent and nonselenium-dependent GSHPx, but the magnitude of Se-GSH-Px biosynthesis at the
posttranscriptional level depends on selenium availability
and is considerably reduced when Se is deficient (Wu et al.,
2003; Lum et al., 2009).
In our study, the wild boars aged between 1 and 1.5
years were characterized by a clearly higher (although
nonsignificantly so) mean activity of total GSH-Px and
Se-GSH-Px compared to the other groups. The activity
of CAT and SOD was the highest in animals aged 2 years
or more. None of the studied enzyme activity showed an
upward or downward trend with age. In a study of rats,
Saičić et al. (2006) found that the liver activity of the
enzymatic antioxidant defense system increases with age
during the first postnatal period and is markedly higher
in animals aged between 60 and 90 days compared to
30-day-old animals. The increased liver activity of GSHPx in rats aged between 1 and 50 days was also reported by
Matsumoto et al. (2009), but they clearly indicated that it
is determined by providing a supply of selenium with food
or water that meets the bodily needs. Carrillo et al. (1992)
noted a sex-dependent direction of changes in the rat liver
activity of antioxidant enzymes with age. For example,
CAT and Mn-SOD activity in the liver of 30-month-old
males was significantly lower than that of 7-month-olds,
while the activity of Cu and Zn-SOD followed an opposite
pattern. As a result, the activity of total SOD and GSH-Px
in younger and older animals was comparable. Balogh et
al. (2012) reported that, in growing pigs, the liver activity
of GSH-Px is highly negatively correlated to the magnitude
and rate of body weight gain.
Based on the analysis of correlations, significant positive
relationships were only found between total GSH-Px and
Se-GSH-Px, total GSH-Px and CAT, and Se-GSH-Px and
CAT. In the liver of pigs, Se-GSH-Px activity accounted for
approximately 40%–55% of total GSH-Px activity. Kim and
Mahan (2003) reported that the activity of nonseleniumdependent peroxidase depends to a considerable degree
on the level of Se supply, and its percentage in total activity
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of GSH-Px increases with increasing deficiency of this
trace element. The increase in total GSH-Px activity largely
reflects the increase in the selenium-dependent form of
the enzyme (Kaur and Bansal, 2004; Oštádalová, 2012).
These data provide sufficient evidence to explain the high
and positive correlation between the activity of total GSHPx and Se-GSH-Px, which was found when the wild boars
were grouped according to season, sex, and age, and also
when they were not grouped.
It is also relatively easy to explain the high and positive
correlation between GSH-Px and CAT activity. It is
well known that both Se-GSH-Px and CAT catalyze the
reduction of hydrogen peroxide to water. However, these
enzymes differ considerably in their Michaelis constants
(KM) and thus in the affinity for this substrate. Peroxidase
is located in the cytosol and mitochondria of the cell and
acts when H2O2 concentrations are low (of the order of
micromoles), whereas CAT is found mainly in peroxisomes
and acts when the concentration of this peroxide is
high (of the order of millimoles) (Simmons and Jamall,
1988). Therefore, both enzymes are used when hydrogen
peroxide concentration in the cell is high. This results in
an even greater accumulation of H2O2 and in generation of
hydroxyl radical in the Fenton and Haber–Weiss reactions,
and, under its influence, of the organic peroxides. In turn,
their neutralization exhausts both selenium-dependent
and nonselenium-dependent GSH-Px (Davies, 2000;
Kaushik and Kaur, 2003; Kim and Mahan, 2003).
The lack of a significant positive relationship between
liver selenium concentration and Se-GSH-Px activity
may seem debatable. It should be noted, however, that
the wild boars exhibited considerable selenium deficiency
during all seasons of the year. Liver Se-GSH-Px is only
1 of at least 25 selenoproteins present in the body of
mammals. Each of them contains selenocysteine (Sec)
residues in their polypeptide chains (Gromer et al.,
2005). The position of Sec in the polypeptide chains is
determined by the UGA codon in the mRNA of a given
selenoprotein. When selenium deficiency is paralleled
by a lack of tRNA(Sec) transport of Sec to the ribosomes,
this codon is read as a nonsense codon, which means that
translation is terminated and mRNA is degraded into
a given selenoprotein (Carrillo et al., 1992; Valle et al.,
2007). Most selenoproteins are biosynthesized in the liver.
Decrease in Sec availability, resulting from a low dietary
supply of selenium, means that it is first incorporated into
selenoproteins, which play a key role in the body. Thus,
selenoprotein P and thyroxine 5’-deiodinase have priority
(Gromer et al., 2005; Papp et al., 2007). In this system,
Se-GSH-Px occupies a more distant position, because its
deficiency and functions can be at least partly replaced
with increased expression and activity of CAT and a
nonselenium-dependent form of GSH-Px. Compared to
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Se-GSH-Px, selenoprotein P incorporates selenium more
quickly and contains as many as 10 Sec residues in its
polypeptide chain (Papp et al., 2007). For this reason, it is
suggested that the hepatic levels of selenoprotein P are a
better indicator of the body’s selenium status compared to
Se-GSH-Px activity (Gromer et al., 2005).
The results of our study demonstrate that selenium
content in the forest soils of northwestern Poland is low
and does not meet the wild boar’s requirement for this
trace element, even in the seasons when plant food is
most abundant. The wild boars from this area had only
marginal liver selenium levels throughout the year, with
the highest values found in the spring and lowest in the
winter. This contradicts the theory of Fiedler (1986) that

wild animals that have lived in selenium-deficient areas
for many generations could develop alternative adaptive
mechanisms that would compensate for the low dietary
content and bioavailability of this element.
The analysis of selenium concentration and the activity
of total and selenium-dependent GSH-Px, CAT, and SOD
showed that the strongest oxidative stress and the greatest
risk of peroxidative damage to liver tissue (and other
tissues) occurs in winter. It is possible that the considerable
selenium deficiency, through increased accumulation of
reactive oxygen species, and especially in mitochondria,
is already the primary reason for gradual accretion of
oxidative stress in these organelles and later in the cell, the
entire organ, and the body.
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